More insight into the mechanism of adhesion of human endothelial cells (HEC) on to polymeric surfaces may lead to the development of improved small-diameter vascular grafts. H EC suspended in 20% human serum-containing culture medium adhere and spread well on moderately water-wettable polymers such as tissue culture polystyrene (TCPS). Earlier it was demonstrated that during adhesion and spreading of HEC on TCPS, cellular fibronectin is deposited on to this surface. It was postulated that fibronectin deposition is accompanied by desorption of adsorbed serum proteins, e.g. human serum albumin (HSA). The amounts of adsorbed (cellular) fibronectin and HSA on TCPS surfaces pretreated for 1 h with solutions of human serum (ranging from 0.01%-20%), were determined after incubation of these surfaces for 6 h with HEC in culture medium and after incubation with culture medium without cells. Protein adsorption was determined by means of a two-step enzyme-immunoassay (EIA). HEC adhesion and spreading on TCPS resulted in a significant deposition of fibronectin irrespective of the serum concentration in the solution used for the pretreatment of TCPS. The deposition of cellular fibronectin on to TCPS, pretreated with human serum, was accompanied by displacement of adsorbed HSA. Desorption of HSA from TCPS was only detectable with the EIA at serum concentrations ranging from 0.01%-1%. Using l~l-I-labelled HSA as tracer protein; it could, however, be demonstrated that HSA was also displaced from TCPS, pretreated with solutions of higher serum concentrations. Pretreatment of the hydrophobic vascular graft material PET (poly(ethylene terephthalate); Dacron) and of FEP (fluoroethylenepropylene copotymer; a Teflon-like polymer) with a solution containing 20% human serum resulted in a reduced adhesion of HEC compared to uncoated surfaces. We suggest that this may be caused by a poor displacement of adsorbed serum proteins from these hydrophobic surfaces by cellular fibronectin. This may explain why HEC normally fail to adhere on to prosthetic surfaces.
I n t r o d u c t i o n
The clinical results with small diameter ( < 5 mm) vascular grafts are, in general, disappointing, predominantly because of thrombotic occlusion [1 3]. Because vascular endothelium represents a unique, non-thrombogenic surface, endothelial cells are the logical choice for lining a prosthesis. [4] . Endothelial lining leads to improved patency of prostheses while reduced platelet deposition is observed on the luminal surface, both in humans and dogs [5] [6] [7] . However, in humans, prostheses are not spontaneously overgrown by endothelial cells [2, 8, 9] . Seeding of prostheses with (autologous) endothelial cells may be a method to cover the luminal surface with cells, provided that adhesion of endothelial cells on to polymeric surfaces is optimal.
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In order to optimize the interaction of endothelial cells with polymers, more insight is required into the mechanism of adhesion, spreading and proliferation of endothelial cells on polymeric surfaces. From in vitro data it is known that human endothelial cells, suspended in 20% human serum-containing culture medium, only adhere and proliferate well on polymeric surfaces which are moderately water-wettable (e.g. tissue culture polystyrene; TCPS) [3] . Protein adsorption from serum-containing culture medium to a polymeric surface will occur almost instantaneously. Therefore, protein adsorption is one of the major determinants for adhesion and spreading of cells on polymers. Research on protein adsorption in our laboratory revealed that the amount of adsorbed fibronectin, a protein which promotes cell adhesion, from culture medium containing 20% human serum to TCPS is relatively small [10] . However, from this culture medium, relatively large amounts of highdensity lipoprotein, immunoglobulin G and human serum albumin (HSA), which all inhibit cell adhesion, adsorb to TCPS. In spite of the high adsorption of these proteins, endothelial cells adhere and spread well on TCPS [3, 10] . Moreover, endothelial celt-derived fibronectin is deposited in relatively large amounts on to TCPS during adhesion and spreading [11, 12] . Proteins generally adsorb to surfaces as a monolayer of molecules, but do not adsorb to already adsorbed protein molecules [13, 14] . Therefore, we postulate that during adhesion and spreading of human endothelial cells on TCPS, adsorbed serum proteins are displaced by cellular fibronectin. This hypothesis may have consequences for adhesion and spreading of endothelial cells on surfaces other than TCPS. Most probably the displacement of proteins will occur more easily from relatively hydrophilic surfaces than from hydrophobic surfaces, because less reversible protein adsorption to the latter type of surfaces occurs [15, i6] . We assume that this is the reason why endothelial cells adhere and spread well on TCPS and do not adhere and spread on more hydrophobic surfaces.
In order to test the hypothesis with respect to the displacement of adsorbed proteins by cellular fibronectin, the adsorption of fibronectin and human serum albumin to TCPS, pretreated with solutions of various concentrations of human serum, was studied after incubation of these surfaces with endothelial cells in a culture medium and after incubation with a medium without cells. Moreover, adhesion of human endothelial cells on to other polymers which were pretreated with solutions of 20% human serum, or which were not pretreated, was studied. These polymers differed in wettability.
Materials and methods

Polymers
The polymers used in this study were: tissue culture polystyrene (TCPS); poly(ethylene terephthalate) (PET, Melinex polyester, type 0), tissue culture poly(ethylene terephthalate) (TCPET, Falcon filmlined dish), and fluoroethylenepropylene copolymer (FEP; film type 500 A). TCPS and TCPET, in the form of tissue culture clusters or dishes, were used asreceived from the manufacturer. PET and FEP were cleaned ultrasonically for 30 min in 1% (vol/vol) detergent solution (RBS 25) and extensively rinsed with distilled water and absolute ethanol (pro analysi). For both protein-adsorption and cell-adhesion experiments, sheets of PET, TCPET and FEP were mounted in a test device as described by Poet et al. [17] . Each well of this device has a surface area of 0.8 cm 2. TCPS was used as 24-well clusters (2 cm 2 per well), except for experiments in which radio-iodinated HSA was used. In these experiments TCPS 48-well clusters (1 cm z per well) were applied.
Protein c o a t i n g
Polymer surfaces were exposed for 1 h at room tem-perature to solutions with the following concentrations of human serum: 20%, 10%, 1%, 0.1%, 0.05% and 0.01% (vol/vol). Human serum was diluted to a concentration of 20% with serum-free culture medium (see Section 2.3). Solutions with the other concentrations of human serum were made by diluting this serum-containing culture medium with phosphatebuffered saline (PBS; 8.2 g/t NaC1, 3.1 g/1 Na2HPO4 . 12H20, 0.2g/1 NaH2PO4.2H20; pH 7.4). After incubation, the wells were rinsed three times with PBS.
2.3. Cell culture Human endothelial cells were isolated from umbilical cord veins using Willems et al.'s method [18] . The cells were routinely cultured, as described by Van Wachem et al. [19] , in tissue culture polystyrene flasks precoated with partially purified fibronectin (co-product obtained during the preparation of human factor VIII concentrate from cryoprecipitate). The culture medium consisted of a 1 : 1 mixture of Medium 199 and RPMI 1640, containing 20% pooled human serum derived from 20 healthy male donors, 2ram L-glutamine, 100 U ml-1 penicillin, 100 gg ml-1 streptomycin and 4 gg ml-1 fungizone.
Cell seeding and lysis
Cells were harvested from confluent cultures after the second or third passage by treatment with trypsin (0.05% trypsin/0.02% EDTA). Trypsin was inhibited by adding 20% serum-containing culture medium. In order to study the deposition of fibronectin as a function of time, cells were suspended in 20% serumcontaining culture medium and seeded into wells at a density of 60 000 cells cm-2. In all other experiments cells were washed three times with serum-free culture medium (the previously defined medium lacking serum) and seeded at a density of 200 000 cells cm-2. After the appropriate incubation time, non-adherent cells were removed by rinsing with PBS. In order to make the adsorbed proteins beneath the adherent cell layer accessible to antibodies, a method previously described by Van Wachem et al. [11] , was used to remove the adherent cells. These cells were lysed with 0.1 N ammonia for 10 min, followed by rinsing three times with PBS. The exposed protein layer was fixed for 15 min with absolute methanol (pro analysi) and rinsed again with PBS. The wells, filled with PBS, were stored at 4 °C before determination of the amounts of adsorbed proteins.
Determination of the amounts of adsorbed proteins
The relative amounts of adsorbed proteins were determined either by means of a two-step enzyme-immuneassay or by the use of radio-iodinated human serum albumin as tracer protein added to the serum-containing culture medium. The two-step enzyme-immunoassay was carried out as described by Van Wachem et al. [10] . This assay was performed in the following way. Subsequently, surfaces with adsorbed proteins were rinsed four times
